Probing Unified Origin of Dark Matter and Baryon Asymmetry at
  PAMELA/Fermi by Kohri, Kazunori et al.
ar
X
iv
:0
90
7.
06
22
v3
  [
he
p-
ph
]  
26
 Se
p 2
00
9
Probing Unified Origin of Dark Matter and Baryon Asymmetry at PAMELA/Fermi
Kazunori Kohri 1, Anupam Mazumdar 1,2, Narendra Sahu 1, and Philip Stephens 1
1 Physics Department, Lancaster University, Lancaster LA1 4YB, United Kingdom
2 Niels Bohr Institute, Copenhagen University, DK-2100, Denmark
We propose an unified model of dark matter and baryon asymmetry in a lepto-philic world above
the electroweak scale. We provide an example where the inflaton decay products subsequently
generate a lepton asymmetry and a dark matter abundance with an unique coupling in the early
universe, while the present day decay of the dark matter through the same coupling gives rise the
observed cosmic ray anomalies at PAMELA and Fermi Large Area Telescope.
The recent observed anomalies [1, 2, 3] in the cos-
mic rays have given a lot of excitement. It has been
shown that there is a clean excess of absolute positron
flux in the cosmic rays at an energy E >∼ 50 GeV [4],
even if the propagation uncertainty [5] in the secondary
positron flux is added to the Galactic background. This
leaves enough motivation for considering particle physics
motivated dark matter (DM) models, such as annihila-
tion [6, 7] or decay [7, 8] of DM, as the origin of positron
excess in the cosmic rays1. However the origin of the
DM, being interpreted as a long lived particle, goes be-
yond the standard model (SM). Moreover, the origin of
observed matter antimatter asymmetry and the origin of
inflation are also two crucial phenomena which require
the physics beyond the SM.
In particular once cosmic inflation occurs, then af-
ter inflation it must pave the way to excite not only
the observed SM quanta but also the DM. This can be
achieved minimally if the inflaton, φ, itself carries the
SM charges as in the case of the following examples
which relies on the minimal supersymmetric SM (MSSM)
setup [10, 11, 12]. In the MSSM case the inflaton de-
cays into the SM quarks and leptons and through ther-
mal scatterings the lightest supersymmetric DM particles
were created which are absolutely stable. On the other
hand if inflation does not happen in the observable sec-
tor, for instance if it belongs to a hidden sector, as in the
case of plethora of examples [13], then the onus will be to
explain how to generate the desired degrees of freedom,
i.e. SM baryons and dark matter abundance.
The aim of this paper is to illustrate an example where
lepton asymmetry [14] and DM abundance are generated
right above the electroweak scale, i.e., O(100) GeV. Our
building block of beyond the SM physics is based on a
crucial observation of cosmic ray anomalies [2], which
may unravel the mystery of these issues in a unifying
framework where the DM particle itself carries a netB−L
asymmetry and decays very slowly to the SM particles.
Note that previous attempts [15, 16, 17] were made to
unify dark matter and baryogenesis, but it is more chal-
lenging to address why the DM annihilates/decays pri-
marily into leptons and anti-leptons in a unifying frame-
1 For astrophysical origins, see Ref.[9] and references therein.
work, thus explaining the observed cosmic ray anomalies
at PAMELA [1] and Fermi [3].
For the purpose of illustration, let us augment the SM
by adding a new U(1)B−L gauge symmetry, and without
supersymmetry. The anomaly free gauged B−L symme-
try then naturally accommodates a new fermionic dark
matter NL(1, 0,−1), where the quantum numbers inside
the parenthesis shows the transformation properties of
NL under the gauge group SU(2)L × U(1)Y × U(1)B−L.
At a high scale the U(1)B−L gauge symmetry is bro-
ken by a scalar field and give mass MN = FvB−L to
N = (1/
√
2)(NL + N
c
L), where “vB−L” is the vacuum
expectation value (vev) of the U(1)B−L breaking scalar
field which carries B − L charges by two units and F is
the coupling between B−L breaking scalar field and NL.
In the broken phase of the U(1)B−L gauge symme-
try the Lagrangian involving the interactions of NL,
and the new massive charged scalars, η−(1,−2, 0) and
χ−(1,−2,−2), can be separately written in terms ofB−L
conserving and B−L violating parts. The B−L violating
part of the Lagrangian is given by:
L∆(B−L) 6=0 = 1
2
(MN )αβ(NαL)cNβL+m
2η†χ+h.c. , (1)
with m2 = µ′vB−L, while the relevant B − L conserving
part of the Lagrangian is given by:
L∆(B−L)=0 ⊇ M2ηη†η +M2χχ†χ+ µηH1H2
+ hαβη
†NαLℓβR + fαβχ
†ℓαLℓβL + h.c.(2)
where the indices α, β = e, µ, τ represent the flavor basis
of the SM fermion fields. In equation (2), ℓL(2,−1,−1)
and ℓR(1,−2,−1) represent the lepton doublet and sin-
glet respectively, while H1(2, 1, 0), H2(2, 1, 0) are two
doublet Higgses which couple to up and down sector of
SM fermions.
An important point to note is that the mass term,
m2η†χ, which violates B − L by two units, gives rise
a mixing between η and χ. Due to this mixing the
Majorana fermion N will be an unstable leptonic DM.
Therefore, the decay products of N are only SM lep-
tons/antileptons. If the lifetime of N is about O(1025)
s or so, then the decay products of N can naturally
account for the observed e± excesses at PAMELA and
Fermi. This observation will place non-trivial constraint,
such as m ≪ Mη,Mχ. Further we note that the only
2coupling “h” is responsible for the production of a net
lepton asymmetry and DM in the early universe, while
the three body decay of DM through the same coupling
at current epoch gives rise to the observed anomalies at
PAMELA and Fermi.
Baryon asymmetry:
Let us now consider how can we explain the observed
matter-anti-matter asymmetry in our setup. A natural
possibility is to generate a lepton asymmetry [17, 18]
from the out-of-equilibrium decay of η− field. Similar
to Dirac leptogenesis [19], here we will argue that the re-
quired baryon asymmetry can be generated from a con-
served B − L number. In order to generate the baryon
asymmetry we need following three steps:
1. At first the CP-violating out-of-equilibrium decay
of η− must generate an equal and opposite B − L
asymmetry between NL and ℓR. These two asym-
metries should not equilibrate above the electro
weak (EW) phase transition.
2. Above the EW-phase transition the B − L asym-
metry stored in ℓR gets transferred to ℓL, while
keeping an equal and opposite B−L asymmetry in
NL.
3. The B − L asymmetry stored in ℓL then gets con-
verted to a net baryon asymmetry in the presence of
SU(2)L sphalerons, while keeping the B−L asym-
metry stored in NL intact.
Note that all three steps happen right above the EW
scale. Since η− is neutral under B − L, it can decay to
a pair of lepton (ℓR) and antilepton (NL). Note that the
decay of η− can not produce any lepton asymmetry since
its decay does not violate any lepton number. However,
if there are at least two η− fields, say η±1 and η
±
2 then
there can be CP violation in the decay of η− fields. In
their mass basis, spanned by ψ±1 and ψ
±
2 , the lightest ψ
field, say ψ±1 , can generate a net CP asymmetry through
the interference of tree level and self energy correction
diagram [20]. The CP asymmetry is then given by
ǫ1 =
Im
[
(µ1µ
∗
2)
∑
ij h
1
ijh
∗2
ij
]
16π2(M2η2 −M2η1)
[
Mη1
Γη1
]
, (3)
where
Γη1 =
1
8πMη2

µ1µ∗2 +Mη1Mη2 ∑
i,j
h1ijh
2∗
ij

 . (4)
Now assuming
Mη1Mη2
(M2η2−M
2
η1
) = O(1),
µ1µ2
Mη1Mη2
= O(1)
and h1ij ≃ h2ij = O(10−2) , (5)
we get from Eqns. (3), (4) and (5) the CP asymme-
try ǫ1 ≃ 10−5. Due to the CP violation the decay of
ψ±1 generates an equal and opposite B − L asymmetry
between NL and ℓR. Since the interaction between NL
and ℓR through the coupling ‘h’ is already gone out-of-
equilibrium, the asymmetries between them don’t equili-
brate any more at the required scale of O(100) GeV. On
the other hand, the lepton number conserving process:
ℓRℓ
c
R ↔ ℓLℓcL, mediated via the SM Higgs, remains in
thermal equilibrium above the electroweak phase tran-
sition. As a result the B − L asymmetry stored in ℓR
gets transferred to ℓL through this L-number conserv-
ing process, while leaving an equal and opposite B − L
asymmetry in NL. The transportation of B − L asym-
metry from ℓR to ℓL can be understood as follows. Let
us define the chemical potential associated with the ℓR
field as µeR = µ0 + µBL, where µBL is the chemical
potential contributing to B − L asymmetry and µ0 is
independent of B − L. Hence at equilibrium we have
the chemical potential associated with ℓL is given by
µeL = µeR + µH = µBL + µ0 + µH . Thus we see that
the same chemical potential is associated with ℓL as of
ℓR. Therefore, the net B − L asymmetry stored in ℓR
can be passed on to ℓL. Since the SU(2)L sphalerons
are in thermal equilibrium at a scale above 100 GeV, the
B−L asymmetry stored in ℓL can be converted to a net
baryon asymmetry, while an equal and opposite B − L
asymmetry will remain in NL. The two asymmetries will
equilibrate when NL will decay through the B − L vio-
lating process. The net B−L asymmetry thus produced
can be given as:
ηB−L =
3
4
Bηǫ1
TR
mφ
, (6)
where Bη is the inflaton branching ratio, which is of or-
der, O(1), and TR >∼ 100 GeV is the reheat temperature
of the universe and mφ is the inflaton mass.
The conversion of lepton asymmetry to the baryon
asymmetry is obtained by ηB = (28/79)ηB−L. For
TR/mφ ≈ 10−4 and ǫ1 ≈ 10−5, we can achieve the ob-
served baryon asymmetry ηB ≈ O(10−10). A crucial
point to note here is that the lepton asymmetry is virtu-
ally created by a non-thermal decay of the inflaton decay
products, η and χ, which we will discuss below.
An obvious danger of washing out this asymmetry
comes from the B − L violating process NLℓR → ℓLℓL
through the mixing between η and χ. However, this
process is suppressed by a factor (m2/M2ηM
2
χ)
2 for
m ≪ Mη,Mχ, and hence it cannot compete with the
Hubble expansion parameter at TR ∼ 100 GeV. Hence
the net B − L asymmetry produced by the decay of
η will be converted to the required baryon asymmetry
without suffering any washout.
Dark matter abundance:
Next we discuss the number density of the lightest NL to
check if it satisfies the observed DM abundance. It turns
out that a large abundance of NL will be produced non-
thermally by the decay of η, which is also non-thermally
produced by the inflaton decay.
3As we will argue below, the annihilation cross sec-
tion of NL is larger than the canonical one, 〈σ|v|〉c ∼
3 × 10−26cm3s−1. In this case the final abundance of
the thermal component is much smaller than the obser-
vational value,
YDM ≡ nDM
s
= 4× 10−13
(
1 TeV
MDM
)(
ΩDMh
2
0.11
)
, (7)
where MDM is the DM mass, ΩDM is the density pa-
rameter of the DM with h being the normalized Hubble
constant.
Since we consider a case when the inflaton, φ, decays
well after the standard freeze-out epoch of the thermally-
produced NL, i.e., at cosmic temperature T <∼ MN/25.
Then the yield value of NL is estimated by
YNL ≡
nNL
s
≃ 3
4
Bη
TR
mφ
. (8)
For TR/mφ ∼ 10−4, as required by the lepton asymme-
try, we find that the relic abundance of NL is given by
YNL ≈ 10−5, which is much larger than the observed DM
abundance (7).
However thanks to the gauge coupling of NL, such that
NL can now annihilate into the SM fermions through
the exchange of ZB−L gauge boson after its non-thermal
production. We can then obtain the final abundance of
NL by solving the Boltzmann equations:
dnη
dt
+ 3nηH = −Γηnη ,
dnNL
dt
+ 3nNLH = −〈σ|v|〉n2NL + Γηnη , (9)
where 〈σ|v|〉 ≈ (1/4π)M2N/v4B−L, and we have omit-
ted the production term from the thermal bath,
+〈σ|v|〉n2NL,eq in the right-hand side of the second line.
Then we approximately obtain,
YNL ≃
3H
〈σ|v|〉s . (10)
The right-hand side of Eq. (10) is ∝ 1/TR, which means
that the late-time decay induces a larger freeze-out value.
In Fig. 1 we illustrate such a non-thermal production
and/or further annihilation mechanism.
By equating YNL ≃ YDM we get a constraint on the
B − L breaking scale with satisfying the observational
DM density to be
vB−L ≃ 5× 103 GeV
(
ΩDMh
2
0.11
)1/4 (
MN
3 TeV
)1/4
×
(
TR
100 GeV
)1/4
. (11)
This gives 〈σ|v|〉 ∼ O(10−25) − O(10−24) cm3s−1 for
MN ∼ O(TeV), which is larger than the canonical anni-
hilation cross section and makes the thermal component
FIG. 1: We illustrate the time evolution of ρDM/s as a func-
tion of x ≡ MDM/T , where ρDM/s ≡ MDMYDM. xF is the
thermal-freezeout value of x (∼ 25). TD is the cosmic tem-
perature when DM is non-thermally produced (TD = TR
in the current model). The curved line traces the thermal-
equilibrium value of DM when the thermal-production pro-
cess is important, i.e., x < xF , which was omitted in Eq. (9).
The diagonal thick (thin) solid line represents freeze-out value
when 〈σ|v|〉 is larger than (or equal to) the canonical value.
The upper-horizontal dashed line shows the observational
abundance. In the current model, the thermal component
(lower-horizontal dashed line) is smaller than the observa-
tional value. The star symbol represents the point when the
initial value was put at T = TD = TR. Just after this non-
thermal production, the DM annihilates immediately, and its
abundance is reduced to the crossing point between the diago-
nal thick-solid line and the vertical line, from then it becomes
constant.
sub dominant. In turn, we understand this mechanism
intuitively by using Fig. 1 as follows. If we specify a
U(1)B−L breaking scale (∼ TeV in this model) or an
annihilation cross section, the model necessarily has a
crossing point between the diagonal and the horizontal
lines at x = MDM/TR shown in Fig. 1, which gives the
right observational abundance of DM and its production
epoch. In the current model, we demand the cross sec-
tion to be larger than the canonical value and TR to be
larger than 100 GeV.
Note that the annihilation process N¯LNL → f¯ f is a
B−L number conserving process and therefore does not
transfer any B − L asymmetry to the SM fermions. As
a result the B − L asymmetry produced via the decay
of η− will survive until far below the electro-weak phase
transition.
Since B − L is already broken, the lightest NL is no
more stable. It will decay through the three body pro-
cess: NL → e−αRe+βLνγL, with β 6= γ, through the mixing
of η and χ. Since the coupling of χ to two lepton dou-
blets is antisymmetric, i.e., β 6= γ, the decay of NL is not
necessarily to be flavour conserving. In particular the
decay mode: NL → τ−R τ+L νeL(νµL), violates Le (Lµ) by
one unit while it violates L = Le+Lµ+Lτ by two units.
4In the mass basis of NL the life time can be estimated to
be
τN = 2.0× 1025s
(
10−2
h
)2(
10−7
f
)2
(
50 GeV
m
)4 ( mφ
106 GeV
)8(1 TeV
MNL
)5
, (12)
where we assume that Mη ≃ Mχ ≈ mφ in order to get
a lower limit on the lifetime of NL. The prolonged life
time of NL may explain the current cosmic ray anoma-
lies observed by PAMELA [1] and Fermi [3]. The elec-
tron and positron energy spectrum can be estimated by
using the same set-up as in Ref. [8]. In Figs. 2 and
3 we have shown the integrated e± fluxes in a typical
decay mode: NL → τ−τ+ν¯ up to the maximum avail-
able energy MN/2 for τN = 4.0 × 1025 secs. From there
it can be seen that the decay of NL can nicely explain
the observed positron excess at PAMELA and e± ex-
cesses at Fermi. While doing so we assume that the
branching fraction in the decay of N − L to τ−τ+ν¯ is
significantly larger than the other viable decay modes:
NL → µ−µ+ν¯ and NL → e−e+ν¯. However, if the decay
rate of NL → µ−µ+ν¯ is comparable to NL → τ−τ+ν¯
then it can explain the observed anomalies at PAMELA
and Fermi, while the decay mode: NL → e−e+ν¯ produces
larger e++ e− fluxes at Fermi and therefore unfavorable.
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FIG. 2: Positron excess from NL → τ
−τ+ν¯ with MN = 3
TeV. The fragmentation function has been calculated using
PYTHIA [24].
Another potential signature of this scenario is the
emission of energetic neutrinos from the Galactic cen-
ter [25] which can be checked by future experiments
such as IceCube DeepCore [26] and KM3NeT [27]. We
will come back to this issue in a future work [28].
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FIG. 3: e± excess from NL → τ
−τ+ν¯ with MN = 3
TeV. The fragmentation function has been calculated using
PYTHIA [24].
Inflation and reheating:
So far we have not discussed anything about inflation sec-
tor. Let us now consider a hidden sector inflaton φ(1, 0, 0)
which excites the observed DM abundance and SM lep-
tons during the process of reheating which occurs after
the end of inflation. Let us consider a simple toy model
of inflation, where the inflaton potential admits a point
of inflection, see [10, 11, 15]:
V (φ) ∼ m
2
φ
2
φ2 − Aκ
6
√
3
φ3 +
κ2
12
φ4 , (13)
where A ≈ 4mφ and κ ∼ 10−10. Inflation can happen
near a point of inflection given by φ0 ∼
√
3mφ/κ ∼
1016 GeV with an Hubble expansion rate, Hinf ∼
(m2φ/κMP ) ∼ 104 GeV. The amplitude of the density
perturbations will be give by: δH ≈ (1/5π)(H2inf/φ˙) ∼
(κ2MP /3mφ)N 2 ∼ 10−5, where the number of e-foldings
is given by: N 2 ∼ 103 [22]. One of the dynamical prop-
erties of an inflection point inflation is that the spec-
tral tilt can be matched in a desired observable range:
0.92 < ns < 1.0 for the above parameters [10, 11, 15, 21].
The inflaton decays into heavy charged scalars η and
χ. Let Bη be the branching fraction in the decay of φ to
η± and Bχ be the branching fraction in the decay of φ to
χ±. As we discussed above the charged scalars η± and
χ± couple to the SM degrees of freedom. The reheating
occurs when the inflaton begins oscillations. The largest
decay rate happens for the largest amplitude of oscilla-
tions, for instance when 〈φ〉 ∼ φ0, see for instance [23].
As a result the Universe gets reheated up to a desired
temperature:
TR ∼ 0.1
√
ΓφMPl = 1.2×102GeV
( g
10−17
)( mφ
106GeV
)1/2
,
(14)
5above the electro-weak scale to facilitate a successful
baryogenesis, where Γφ = (g
2/8π) (〈φ〉/mφ)2mφ is the
decay rate of φ with g is the quartic coupling: gφ2(η†η+
χ†χ). A small decay rate of inflaton to η± and χ± ensures
the optimal temperature just right above the electro-
weak phase transition.
To summarize, we have explored a simple model of
lepto-philic universe where DM carries a net B − L
asymmetry and decays only into the SM leptons can
explain the observed positron excess at PAMELA and
e± excesses at Fermi. These anomalous observations at
PAMELA and Fermi may indirectly probe the common
origin of mysterious DM and baryon asymmetry as we
have shown. The baryon asymmetry in our model is cre-
ated via lepton conserving leptogenesis mechanism which
gets converted into baryon asymmetry via the electro-
weak sphalerons. Before closing we note that the model
explained here can be embedded within supersymmetry
without further challenges, neither the leptogenesis nor
the DM mechanisms will alter, the parameters and the
observed values of the inflationary perturbations and the
tilt in the spectrum would remain so. The details will be
published elsewhere [28].
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